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ABSTRACT 

A  novel  technique  is  presented  which  integrates  the  capacity  of  a  laser  tweezer  to  optically  trap  and  manipulate  objects 
in  three-dimensions  with  the  resolution-enhanced  imaging  capabilities  of  a  solid  immersion  lens  (SIL).  Up  to  now,  solid 
immersion  lens  imaging  systems  have  relied  upon  cantilever-mounted  SILs  that  are  difficult  to  integrate  into 
microfluidic  systems  and  require  an  extra  alignment  step  with  external  optics.  As  an  alternative  to  the  current  state-of- 
art,  we  introduce  a  device  that  consists  of  a  free-floating  SIL  and  a  laser  optical  tweezer.  In  our  design,  the  optical 
tweezer,  created  by  focusing  a  laser  beam  through  high  numerical  aperture  microscope  objective,  acts  in  a  two-fold 
manner:  both  as  a  trapping  beam  for  the  positioning  and  alignment  of  the  SIL  and  as  an  near-field  scanning  beam  to 
image  the  sample  through  the  SIL.  Combining  the  alignment,  positioning,  and  imaging  functions  into  a  single  device 
allows  for  the  direct  integration  of  a  high  resolution  imaging  system  into  micro  fluidic  and  biological  environments. 
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1.  INTRODUCTION 

Throughout  the  past  decade  there  has  been  tremendous  growth  in  the  areas  of  Bio-MEMS  and  microfluidic  systems 
using  ideas  and  technologies  borrowed  from  the  semiconductor  industry.  One  of  the  end  results  of  these  burgeoning 
biological  fields  is  an  increase  in  the  capability  to  analyze  and  manipulate  smaller  and  smaller  objects  down  to  the 
nanometer  level  of  single  DNA  and  protein  strands.  Since  the  size  of  the  objects  currently  under  investigation  tend  to  be 
smaller  than  the  wavelength  of  visible  light,  standard  microscopy  and  imaging  practices  are  becoming  obsolete.  In 
microscopy,  the  spot  size,  which  determines  the  minimum  resolvable  feature  size,  is  diffraction  limited  and  can  be 
approximated  by  2/  2NA  ,  where  2  is  the  free  space  wavelength  and  NA  is  the  numerical  aperture  of  the  microscope 
objective.  In  order  to  maintain  a  reasonable  working  distance,  a  microscope  objective’s  numerical  aperture  has  an  upper 
limit  set  by  the  index  of  refraction  of  the  medium  in  which  it  is  imaging,  resulting  in  minimum  spot  sizes  of  2/2  for 
standard  objectives  and  2/3  for  oil  immersion  microscope  objectives.1,2 

In  1990,  Gordon  S.  Kino  introduced  the  idea  of  the  solid  immersion  lens  (SIL)3, 4  where  a  high  index  of  refraction 
hemispherical  or  superspherical  lens  is  introduced  between  the  microscope  objective  and  the  sample  yielding  an 
effectively  reduced  spot  size  when  imaging  in  the  near-field  of  the  SIL.  Utilizing  the  SIL  in  such  an  imaging  system 
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allows  for  a  relaxation  in  the  numerical  aperture  of  the  microscope  objective  and  a  longer  more  manageable  working 
distance  between  the  microscope  objective  and  the  sample.  Since  the  time  of  its  introduction,  the  solid  immersion  lens 
has  been  mainly  utilized  in  the  field  of  near-field  magneto-optical  data  storage.5, 6  This  method  of  solid  immersion 
microscopy  relies  on  a  SIL  that  is  mounted  on  a  cantilever  and  mechanically  actuated  to  maintain  the  very  narrow  air 
gap  between  the  SIL  and  the  sample  needed  to  maximize  the  resolution  of  the  system. 

In  order  to  adapt  the  solid  immersion  microscope  for  use  in  microfluidics,  it  is  necessary  to  transition  away  from  the 
cantilever-mounted  SIL  since  its  mechanics  and  size  are  not  easily  integrated  into  microfluidic  systems.  To  realistically 
make  this  conversion,  it  will  be  necessary  to  decrease  the  size  of  the  SIL  from  hundreds  of  microns  to  microns  and 
provide  an  alternate  method  of  manipulating  the  SIL  in  the  microfluidic  environment.  In  this  paper  we  propose  the  use 
of  a  laser  optical  tweezer  in  combination  with  a  newly  fabricated  polymer  solid  immersion  lens  as  a  means  of  providing 
high  resolution  in  situ  imaging  of  nanoscale  biological  entities.  In  the  first  part  of  the  paper  we  will  explain  the  method 
of  fabrication  and  characterization  of  the  polymer  SILs  followed  by  a  discussion  of  the  early  experiments  that  we  have 
performed  that  will  make  it  possible  to  achieve  a  microfluidic  solid  immersion  microscope. 

2.  THEORY 


2.1  Solid  Immersion  Lens  Theory 

The  SIL  is  a  truncated  spherical  lens  which  serves  to  increase  the  effective  numerical  aperture  of  the  optical  system  by  a 
maximum  of  n  for  a  hemispherical  lens  and  n2  for  a  superspherical  or  Weierstrass  lens,  where  n  is  the  refractive  index  of 
the  lens  material.3, 5’ 7  For  both  types  of  lenses,  aberration  free  focusing  occurs  at  the  base  of  the  lens  and  a  reduction  in 
the  spot  size  is  achieved  by  a  reduction  in  the  wavelength  inside  the  SIL  due  to  the  high  index  of  the  material  and  an 
increase  in  the  incident  angle  0,  defined  as  the  angle  from  the  most  extreme  ray  to  the  optical  axis,  due  to  the  refraction 
of  the  rays  at  the  SIL’s  spherical  surface.  Due  to  the  high  refractive  index  of  the  SIL  and  the  large  angles  of  the  incident 
rays,  total  internal  reflection  occurs  at  the  base  of  the  SIL  and  thus  the  spot  size  reduction  only  occurs  within  the  SIL  and 
can  only  be  utilized  by  placing  the  sample  within  the  SIL’s  evanescent  decay  length  or  the  near  field  of  the  SIL. 

Currently  the  bulk  of  our  work  is  focused  on  the  characteristics  of  the  Weierstrass  SIL.  This  lens  is  formed  by  removing 
the  cap  or  crown  of  a  spherical  lens  whose  thickness  is  determined  by  r  (l  -  X/n) ,  where  r  is  the  radius  of  the  sphere.  The 

height  or  thickness  of  the  truncated  sphere  can  then  be  represented  by  r  (l  +  \/n)  and  a  focused  spot  will  appear  at  the 

base  of  the  lens  when  the  incident  rays  are  focused  to  a  distance  nr  past  the  center  of  the  SIL.  The  ratio  of  the  distances 
nr  and  r/ n  leads  to  a  magnification  factor  of  n  that  is  independent  of  the  radius  of  curvature  of  the  lens  and  acts  to 
increase  the  effective  numerical  aperture  of  the  SIL.  However,  the  Weierstrass  SIL  must  still  satisfy  Abbe’s  sine 
condition8  and  therefore,  the  maximum  achievable  NA  cannot  exceed  the  index  of  refraction  of  the  SIL9. 

One  of  the  key  issues  in  the  fabrication  of  solid  immersion  lenses  is  the  spherical  aberrations  that  arise  due  to  errors  in 
the  thickness  or  radius  of  curvature  of  the  lens.  As  the  size  of  the  SIL  decreases,  the  effects  of  this  spherical  aberration 
become  less  significant  and  the  allowable  tolerances  in  the  thickness  of  the  SIL  turn  out  to  be  relatively  large.  The 
allowable  tolerance  Az  for  a  particular  wave  aberration  ®  ,  where  r  is  the  radius  of  the  SIL,  n  is  its  refractive  index,  and 
sin#  is  the  NA  of  the  objective  lens  can  be  calculated  with  the  equation:  10 


Az  = 


8r® 


1  n(n-  l)sin4  6 


(1) 


For  a  SIL  of  radius  r  =  10  pm  and  index  of  refraction  of  n  =  1.6,  a  laser  with  wavelength  A  =  488  nm  focused  through  a 
microscope  objective  with  a  NA  =  0.9,  and  choosing  a  wave  aberration10  of  ®  =  A/4  yields  a  thickness  tolerance  Az 
approximately  equal  to  3.9  pm.  Obviously  this  tolerance  is  easily  achievable  considering  that  it  is  equivalent  to  39%  of 
the  SIL  radius. 


2.2  Laser  Tweezer  Theory 


For  objects  in  the  size  range  of  interest  of  this  paper  (r  >  X),  the  incidence  of  an  optical  trap  originates  from  a  photons 
transfer  of  momentum  and  energy  to  the  object  while  undergoing  a  scattering  event  (reflection,  refraction,  or  diffraction). 
Since  the  total  momentum  and  energy  of  a  close  system  is  conserved,  the  difference  in  the  photon’s  momentum  and 
energy  before  and  after  the  scattering  event  is  transferred  to  the  object  and  can  be  expressed  as  a  light  pressure  that  is 
proportional  to  the  intensity  of  the  photons.11, 12  Since  the  pressure  exerted  by  a  single  photon  is  extremely  weak,  light 
must  be  narrowly  focused  to  a  small  spot  size  to  maximize  the  number  of  photons  that  interact  with  the  object.  For  a 
dielectric  particle,  the  force  F  that  arises  from  the  radiation  pressure  P  is  related  by  F  oc  Pn/c  ,  where  n  is  the  particle’s 
index  of  refraction  and  c  is  the  speed  of  light. 

In  the  process  of  narrowly  focusing  light  from  a  laser  source,  there  arises  another  force  due  to  the  intensity  gradients 
found  at  the  point  of  highest  intensity.  Assuming  that  a  dielectric  particle  consists  of  many  individual  dipoles,  these 
dipoles  will  oscillate  in  response  to  the  incident  electromagnetic  field  gradients  resulting  in  a  Lorentz  force  toward  the 
direction  of  highest  intensity.  This  Lorentz  or  optical  force  is  termed  the  gradient  force  and  acts  primarily  in  the 
transverse  directions  as  a  restorative  force  to  move  the  particle  back  to  the  center  of  the  beam.  The  force  that  arises  from 
the  impinging  photons’  transfer  of  momentum  is  aptly  named  the  scattering  force  which  is  confined  to  the  axial  direction 
and  pushes  the  particle  away  from  the  point  of  highest  intensity. 

As  Ashkin  pointed  out  early  in  his  research  on  optical  trapping12,  in  order  to  create  a  three-dimensional  optical  trap  or 
“tweezer”,  one  must  produce  a  force  that  counteracts  the  scattering  force.  Ashkin’ s  solution  to  this  problem  was  to 
tightly  focus  the  laser  beam  using  a  high  numerical  aperture  microscope  objective.  He  discovered  that  the  majority  of 
the  gradient  force  resides  in  the  most  extreme  rays  of  the  focused  beam  and  if  the  incident  angle  of  these  rays  is  high 
enough  not  only  will  it  provide  greater  transverse  stability,  but  a  component  of  these  the  rays  will  exert  a  force  in  a 
direction  that  opposes  the  scattering  force.  The  main  criterion  then  for  obtaining  a  stable  three-dimensional  optical 
tweezer  is  that  the  component  of  the  gradient  force  along  the  negative  axial  direction  must  cancel  out  the  contribution 
made  by  the  scattering  force. 


3.  SOLID  IMMERSION  LENS  FABRICATION 


3.1  Fabrication  Process 

As  shown  in  figure  1 ,  the  process  of  fabricating  the  polymer  SILs  employs  a  high  temperature  melt  and  subsequent  lift¬ 
off  technique.  To  begin  with,  a  metal  is  thermally  evaporated  on  a  quartz  substrate  to  act  as  a  sacrificial  layer  (A). 
Polystyrene  divinylbenzene  microspheres  suspended  in  an  alcohol  medium  are  then  spin-coated  on  the  substrate  at  a 
speed  and  concentration  to  maximize  the  number  of  microspheres  on  the  substrate  yet  minimize  microsphere  aggregation 
(B).  The  coated  substrate  is  then  heated  in  order  to  allow  the  alcohol  to  evaporate  leaving  the  microspheres  on  the 
substrate’s  surface  (C).  The  next  step  involves  melting  the  polymer  microspheres  by  placing  the  substrate  in  direct 
contact  with  a  highly  uniform  temperature  heat  source  whose  temperature  is  well  above  the  glass  transition  temperature 
for  a  specific  amount  of  time  (D).  Optimizing  the  melting  time  and  temperature  allows  for  the  transformation  of  the 
microsphere  into  the  form  of  a  solid  immersion  lens.  After  the  correct  form  of  the  lens  is  achieved,  the  substrate  is 
allowed  to  cool  and  the  SILs  are  removed  from  the  substrate  by  performing  a  lift-off  etch  on  the  metal  sacrificial  layer 
(E).  The  SILs  are  then  washed  in  a  cleaning  solution,  centrifuged  down,  and  suspended  in  a  predetermined  liquid 
medium  (F).  Figure  2  displays  a  picture  of  a  two  different  20  pm  diameter  polymer  SILs  at  the  end  of  the  fabrication 
process. 
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Figure  1:  Fabrication  process  for  the  polymer  SILs. 


Figure  2:  Post-fabrication  photos  of  two  20pm  diameter  polystyrene  SILs.  The  picture  on  the  right 
shows  the  SIL  in  direct  contact  with  the  glass  substrate  and  focusing  the  incoherent 
illumination  light  into  the  glass  medium. 


3.2  SIL  Characterization 

In  order  to  accurately  determine  the  precise  melt  time  and  substrate  temperature  required  to  produce  the  Weierstrass 
form  of  the  SIL  lens  we  implemented  an  image  processing  algorithm  to  measure  the  radius  of  curvature  deviation  and 
the  thickness  of  the  SIL.  The  first  step  of  the  characterization  process  involved  taking  a  high  resolution  digital  image  of 
the  SIL  and  importing  the  raw  data  from  the  image  into  Matlab.  Once  in  Matlab,  the  edges  of  the  lens  are  found  using 
the  Canny  edge  detection  algorithm  provided  in  the  image  processing  toolbox  and  the  results  are  displayed  in  figure  3. 


Figure  3:  Results  using  the  Canny  edge  detection  algorithm  from  Matlab. 

After  the  edges  of  the  SIL  were  determined,  the  center  of  the  upper  hemisphere  was  calculated  using  the  least  standard 
deviation  of  the  distance  between  pixel  and  center.  The  radius  of  curvature  of  the  lens  was  then  measured  by  calculating 
the  distance  from  the  center  to  each  point  on  the  hemisphere  edge.  The  thickness  of  the  lens  is  directly  calculated  by 
measuring  the  distance  from  center  to  the  top  and  bottom  surface  and  summing  the  result.  The  measurement  error 
associated  with  this  calculation  is  proportional  to  the  pixel  size  of  the  high  resolution  image.  For  the  20  pm  diameter 
Weierstrass  SIL  lens  pictured  in  figure  3,  the  calculation  yielded  the  following  results: 

Measurement  Error  (Pixel  size)  =  0.188  pm. 

Mean  Radius  =  9.9490  pm 
Standard  deviation  =  0.1109 
Variance  =  1.11%. 

SIL  Thickness  =  16.48pm. 

Recall  that  for  a  Weierstrass  SIL,  the  optimal  thickness  is  given  by  r  (l  +  \/n) .  For  a  20  pm  diameter  polystyrene 

microsphere  with  an  index  of  refraction  of  1.58,  the  optimal  thickness  can  be  calculated  to  be  16.329  pm.  In  addition 
the  Az  thickness  aberration  tolerance  with  this  SIL  lens  using  a  focusing  microscope  objective  with  a  NA  =  0.9  is 
approximately  equal  to  3.9  pm.  Clearly,  even  with  a  measurement  error  of  0.188  pm,  our  Weierstrass  SIL  falls  well 
within  the  acceptable  tolerance  range.  It  is  also  important  to  note  that  during  the  melting  process,  the  radius  of  curvature 
of  the  SIL  remains  constant,  varying  only  1.11%  across  the  entire  upper  hemisphere. 


4.  NEAR-FIELD  SOLID  IMMERSION  MICROSCOPY 

4.1  Optical  System  Description 

A  scanning  optical  microscope  using  the  microfabricated  solid  immersion  lens  is  shown  in  figure  4.  This  microscope 
operates  both  in  reflection  and  transmission  imaging  modes  and  the  light  source  is  an  Ar+  gas  laser  with  a  circular 
TEMqo  output  mode.  The  laser  output  first  passes  through  a  spatial  filter  whose  output  lens  expands  and  collimates  the 
beam  to  a  size  that  can  fill  the  microscope  back  aperture.  Following  the  spatial  filter  the  beam  passes  through  a  half¬ 
wave  plate  that  rotates  the  polarization  of  the  beam  so  that  it  will  pass  through  the  polarizing  beam  splitter.  Once  past 
the  polarizing  beam  splitter  the  polarization  is  changed  from  linear  to  circular  using  a  quarter- wave  plate.  Next  the  beam 
is  reflected  by  a  laser  line  50-50  beam  splitter  and  coupled  into  an  infinity  corrected  oil  immersion  microscope  objective 
with  a  numerical  aperture  of  0.9.  The  microscope  objective  then  focuses  the  laser  beam  which  is  then  used  to  both  trap 
the  SIL  in  the  liquid  and  act  as  a  near-field  scanning  beam  to  image  the  sample  through  the  SIL.  The  beam  transmitted 
through  the  sample  is  then  collected  with  a  0.6  NA  microscope  objective  and  focused  onto  a  photodetector.  The 
reflected  beam  traverses  back  through  the  SIL  and  microscope  objective  where  its  polarization  is  once  again  changed 
from  circular  to  linear  by  the  quarter-wave  plate  but  oriented  90  degrees  opposite  the  original  state  of  polarization.  On 


this  pass,  the  polarizing  beam  splitter  reflects  the  signal  through  an  iris  and  onto  a  second  photodetector  that  records  the 
reflected  beams  intensity.  In  addition  we  have  included  an  incoherent  light  source  and  CCD  camera  to  monitor  the  SILs 
location  and  movement.  The  near- field  scanning  occurs  by  fixing  the  SIL  in  one  position  using  the  laser  tweezer  and 
moving  the  sample  relative  to  the  SIL  using  a  0.1  pm  resolution  motorized  stage. 


Ar+  Laser 

(T=488  nm) 


Figure  4:  Solid  immersion  microscope  operating  in  both  reflection  and  transmission  imaging  modes. 


4.2  Magnification  Properties  of  the  SIL 

One  of  the  early  experiments  performed  was  to  test  the  magnification  enhancement  of  our  newly  fabricated  SIL.  The 
sample  used  in  this  case  was  a  chrome  grating  on  a  quartz  substrate  with  both  a  line  thickness  and  grating  spacing  of  one 
micron.  On  top  of  the  grating  was  a  42  pm  layer  of  water  covered  with  a  100  pm  glass  coverslip.  The  first  step  in  this 
process  was  to  perform  a  reflection  mode  line  scan  of  a  sample  using  the  focused  beam  from  the  0.9  NA  microscope 
objective  without  the  presence  of  the  SIL.  Next  we  performed  the  same  scan  except  this  time  introduced  a  20  pm 
diameter  Weierstrass  SIL,  focused  the  beam  a  distance  nr  (15.8  pm)  beyond  the  SIL  center,  and  imaged  the  grating  by 
scanning  across  the  SIL.  The  resulting  pictures  obtained  from  both  scans  are  shown  in  figure  5.  When  comparing  the 
two  images  it  is  clear  to  see  a  definite  increase  in  the  magnification  of  the  grating  lines  when  the  SIL  is  placed  between 
the  microscope  objective  and  the  sample. 


Figure  5:  Magnification  enhancement  of  the  SIL.  Part  (a)  shows  the  reflection  mode  line  scan  of  the 
grating  using  a  0.9  NA  microscope  objective  without  the  SIL  and  (b)  with  the  SIL. 


4.3  Reflection  Mode  Imaging 

To  demonstrate  the  imaging  capabilities  of  the  solid  immersion  microscope,  reflection  mode  images  of  the  chrome 
grating  were  taken  with  and  without  the  SIL.  In  this  experiment  the  size  of  the  SIL  that  was  trapped  by  the  laser  tweezer 
and  used  to  image  the  grating  was  10  pm  in  diameter.  Figure  6  shows  the  reflected  power  from  a  single  chrome  line  in 
the  grating  with  and  without  the  SIL.  Because  of  the  reduced  spot  size  that  is  produced  by  the  SIL,  more  light  is 
reflected  from  the  chrome  line  resulting  in  a  higher  power  measured  at  the  photodetector. 


Figure  6:  Reflected  power  from  a  single  chrome  line  in  the  grating  vs.  scan  distance  for  a  0.9 
NA  microscope  objective  with  and  without  the  10pm  diameter  SIL. 


5.  SUMMARY 


In  this  paper,  we  presented  a  new  and  novel  technique  that  allows  for  the  integration  of  a  solid  immersion  microscope 
into  a  microfluidic  and  biological  environment.  In  our  system  the  traditional  cantilever  mounted  SIL  is  replaced  by  a 
laser  tweezer  controlled,  free-floating  SIL.  We  have  successfully  been  able  to  fabricate  polymer  Weierstrass  SILs  using 
a  thermal  melting  process  and  have  demonstrated  extremely  high  precision  in  the  control  of  the  SIL  thickness. 

Integration  of  the  laser  tweezer  and  polymer  SIL  into  a  solid  immersion  microscope  has  proven  to  be  successful  and 
preliminary  experiments  involving  the  magnification  properties  of  the  SIL  and  reflection  mode  imaging  using  the  SIL 
show  a  definite  improvement  in  resolution  when  compared  to  results  obtained  from  the  microscope  objective  without  the 
SIL. 
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